Abstract. The purpose of this study is to characterize the involvement of hepato-biliary transport and cytochrome-P450 (CYP)-mediated metabolism in the disposition of glyburide and predict its pharmacokinetic variability due to drug interactions and genetic variations. Comprehensive in vitro studies suggested that glyburide is a highly permeable drug with substrate affinity to multiple efflux pumps and to organic anion transporting polypeptide (OATP)1B1 and OATP2B1. Active hepatic uptake was found to be significantly higher than the passive uptake clearance (15.8 versus 5.3 μL/min/10 6 -hepatocytes), using the sandwich-cultured hepatocyte model. In vitro, glyburide is metabolized (intrinsic clearance, 52.9 μL/min/mg-microsomal protein) by CYP3A4, CYP2C9, and CYP2C8 with fraction metabolism of 0.53, 0.36, and 0.11, respectively. Using these in vitro data, physiologically based pharmacokinetic models, assuming rapid-equilibrium between blood and liver compartments or permeability-limited hepatic disposition, were built to describe pharmacokinetics and evaluate drug interactions. Permeability-limited model successfully predicted glyburide interactions with rifampicin and other perpetrator drugs. Conversely, model assuming rapid-equilibrium mispredicted glyburide interactions, overall, suggesting hepatic uptake as the primary rate-determining process in the systemic clearance of glyburide. Further modeling and simulations indicated that the impairment of CYP2C9 function has a minimal effect on the systemic exposure, implying discrepancy in the contribution of CYP2C9 to glyburide clearance.
INTRODUCTION
Glyburide [INN, glibenclamide] is a second-generation sulfonylurea drug widely used in the treatment of type II diabetes mellitus. It is primarily metabolized in the liver through cytochrome-P450 (CYP)-mediated oxidative pathways (1-3). The two major circulating metabolites, 4-transhydroxyglyburide (M1) and 3-cis-hydroxyglyburide (M2) were shown to have ∼50-75% of the hypoglycemic activity of the parent due to increased insulin secretion (4) . CYP2C9 was thought to be primarily responsible for the biotransformation of glyburide in vivo, with CYP3A4 playing a minor role. Several clinical studies demonstrated an association between glyburide pharmacokinetics and genetic polymorphism of CYP2C9, where the carriers of CYP2C9*3 variants showed reduced clearance (5) (6) (7) (8) . On the contrary, in vitro enzymology studies suggested CYP3A4 to be the major metabolizing enzyme, with CYP2C9 playing a minimal role (9) (10) (11) . Glyburide was also shown to be a substrate to hepatic uptake transporters, which may play a role in its disposition (12, 13) . Collectively, the evident disconnect between the in vivo and the in vitro findings suggest lack of understanding in the quantitative role of transporter and enzymatic processes in glyburide clearance.
Drug-drug interactions (DDIs) associated with membrane transporters and metabolizing enzymes can lead to severe adverse reactions and/or a reduced pharmacological effects. As a victim drug, glyburide is reported to cause weak to no drug interactions with CYPs inhibitors. For example, CYP3A4 and CYP2C9 inhibitors clarithromycin, erythromycin, fluvastatin, and verapamil showed glyburide exposure change by less than 1.5-fold in clinical studies (14) (15) (16) (17) . This indicates that either multiple isozymes are involved in its metabolism or metabolism is not the predominant ratedetermining clearance process. Alternatively, glyburide clearance may be determined by transporter-mediated hepatic disposition, as was described for drugs like atorvastatin and repaglinide (18, 19) . The anti-tuberculosis agent, rifampicin, is a prototypical inducer of metabolizing enzymes and also show competitive inhibition of organic anion transporting polypeptides (OATPs) (20) (21) (22) . Interestingly, rifampicin treatment caused a range of effects on the glyburide pharmacokinetics (13, 23) . Notably, there is a significant impact of glyburide "dosing-time" relative to rifampicin treatment on the magnitude of glyburide systemic exposure change. For example, a single intravenous dose of rifampicin increased glyburide oral exposure to 2.25-fold of the control (13) . However, about 22% and 63% decrease in glyburide AUC was observed, when it was orally administered along with or 48 h after the last dose of chronic rifampicin treatment. In a separate study, glyburide AUC decreased 39% when administered 12.5 h following the last oral dose of 5-day rifampicin treatment (23) . It is hypothesized that the effects of rifampicin on the glyburide disposition could be complex-involving induction of CYP3A4 and inhibition of hepatic uptake and/or metabolism-and multiple mechanisms need to be considered to quantitatively rationalize the observed interactions.
Recently, physiologically based pharmacokinetic (PBPK) modeling has demonstrated utility in predicting drug pharmacokinetics and evaluating the DDI potential (19, 24, 25) . Semi-mechanistic or extended PBPK modeling of glyburide was reported recently to predict certain drug interactions or drug disposition in pregnancy (26, 27) . However, comprehensive quantitative assessment of transporter-enzyme interplay is missing. The aim of this study is to characterize the transporter-and enzyme-mediated disposition of glyburide. In addition, we developed a comprehensive mechanistic (whole-body PBPK) model of glyburide, utilizing the hepatic transport (sinusoidal active uptake, passive diffusion, and canalicular efflux) and metabolic intrinsic clearance estimates from the in vitro studies. The mechanistic model was used to simulate the plasma concentration-time profiles and further assess the transporter-and/or enzyme-mediated clinical DDIs and the impact of genetic variants on glyburide pharmacokinetics.
MATERIALS AND METHODS

Chemicals and Reagents
Glyburide, rifamycin SV, and rifampicin were purchased from Sigma-Aldrich (St. Louis, MO). InVitroGro-HT, CP, and HI hepatocyte media were purchased from Celsis IVT (Baltmore, MD). Human Embryonic Kidney (HEK) 293 cells stably transfected with human OATP1B1, OATP1B3, or OATP2B1 were generated at Pfizer Inc (Sandwich, UK). Caco-2 cells were obtained from American Type Culture Collection (Rockville, MD, USA). Dulbecco's modified Eagle's medium, fetal bovine serum, nonessential amino acids, GlutaMAX-1, penicillin, and streptomycin solution were obtained from Invitrogen.
In Vitro Metabolism
Recombinant CYPs Studies
Glyburide (1 μM) was incubated with seven human recombinant CYP isoforms (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4). The incubation was performed at enzyme concentration of 150 pmol/mL. The reaction mixture contained NADPH (2 mM), MgCl 2 (3 mM). Reactions were stopped at 0, 5, 10, 20, 30, 45, and 60 min by transferring 50 μL of mixture to a 96-well plate which containing 200 μL of acetonitrile with internal standard (PF-5218881, 1 μg/mL) in each well. Then sample plate was vortexed for about 1 min and centrifuged at 3,000×g for 10 min. An aliquot of 5 μL was injected for high-performance liquid chromatography-mass spectrometry (HPLC/MS) analysis.
Chemical Inhibition Studies
To identify CYP isoforms in human liver microsomes that metabolize glyburide, known selective inhibitors of these CYP enzymes were incubated, one at a time, with glyburide in reaction mixtures. Glyburide metabolism was determined by measuring depletion of the drug. The following are the inhibitors selective for each CYP isozyme and their concentrations used: CYP2C9, sulfaphenazole (10 μM); CYP3A4, ketoconazole (1 μM); CYP2C8, Montelukast (12 μM) (28) . These inhibitors and glyburide were dissolved in DMSO, and the final concentration of DMSO in reaction mixtures was 0.1% (v/v). The reaction mixtures (a final volume of 0.5 mL) contained 100 mM sodium phosphate buffer (pH 7.4), human liver microsomes (1 mg of protein per ml), 3 mM MgCl 2 , and glyburide at a final concentration of 0.25, 0.5, and 1 μM. The reactions were carried out by incubation of the reaction mixtures at 37°C in a heating block. After pre-warming for 5 min, the reactions were initiated by adding a NADPH. Reactions were stopped at 0, 5, 10, 20, 30, 45, and 60 min by transferring 50 μL of mixture to a 96-well plate which containing 200 μL of acetonitrile with internal standard (declofenac, 0.2 μg/mL) in each well. Then sample plate was vortexed for about 1 min and centrifuged at 3,000×g for 10 min. An aliquot of 5 μL was injected for HPLC/MS analysis.
In Vitro Transporter and Permeability Studies
Transwell Caco-2 Permeability Assay Caco-2 cells were seeded at a density of ∼3.0×10 5 cells per well, and the plates were used for experimentation 21 days post-seeding. Transport studies were initiated by removing the cell culture medium from the apical and basolateral sides of the cell monolayers. Cell monolayers were washed once with Hank's balanced salt solution (HBSS) (37°C), which was then replaced with fresh transport buffer and equilibrated for 15 min. For transport studies, 0.3 and 1 mL of HBSS (without or with glyburide and inhibitors) was added to the apical compartment and basolateral compartment, respectively (n=3 monolayers per condition). Studies were carried out at 37°C with continuous agitation. After 60 min incubation, 200 μL samples were collected from the basolateral compartment. Transepithelial electrical resistance and permeability of nadolol (a low permeability marker) were measured to assess the cell monolayer integrity. Transepithelial transport was represented as permeability values (P app , ×10 −6 cm/s) calculated using Eq. 1.
where S is the surface area of the cell monolayer (1 cm 2 ), C D (0) the initial concentration of compound applied to the donor chamber, t the time, M r the mass of compound in the receiver compartment, and dM r /dt the flux of the compound across the cell monolayer.
The intrinsic transport clearance due to P-gp-mediated efflux activity (CL int,P-gp ) was derived from Eq. 2 (29 
PS app,A-to-B,inh represent PS measured in the presence of P-gp inhibitors. PS passive represents passive PS across each membrane, assuming influx and efflux passive permeability are similar across both apical and basolateral membrane and no other active transport is involved (29) .
Efflux Transport Assay
MDCK-MDR1 and MDCK-BCRP cells were grown in minimum essential medium supplemented with 10% fetal bovine serum, 1% minimum non-essential amino acids solution, 1% GlutaMAX™, and 1% penicillin-streptomycin prior to seeding into Millipore 96-well cell culture insert plates. The MDCK-MDR1 and MDCK-BCRP cells were cultured on the 96-well inserts with 75 μl medium per well on the apical side and 36 ml feeding tray on the basolateral side, 4 days prior to conducting the study. The cell culture medium was removed, and the cells were rinsed with HBSS and preincubated for 10 min to allow the cells to adjust to the buffer. The donor solutions were added to the donor chambers (apical-100 μl or basolateral-300 μl), while HBSS was added to the receiver chambers. After 90-min incubations, aliquots (60 μl) were taken from the receiver chambers to determine the translocated amount. Samples were taken from the donor chambers before and after incubation to determine the initial concentration (C 0 ) and recovery values (10 μl+ 190 μl HBSS). An internal standard solution, 36 or 120 μl of 0.5 μg/ml internal standard (MW=687.04) in 100% methanol, was added to the receiver and donor samples, respectively. The samples were analyzed by liquid chromatographytandem mass spectrometry (LC-MS/MS).
OATPs Substrate Assay
HEK293, HEK-OATP1B1, HEK-OATP1B3, and HEK-OATP2B1 cells were seeded at a density of 48,000 cells per well on 96-well poly-D-lysine-coated plates and cultured for 48 h (30) . For the uptake assay, the cells were washed three times with warm uptake buffer (HBSS with 20 mM HEPES, pH 7.4) and then incubated up to 5 min with 50 μL uptake buffer containing 1 μM glyburide on a heated plate shaker set to 37°C and 150 rpm. Cellular uptake was terminated by quickly washing the cells four times on ice with 200 μL icecold uptake buffer. The cells were then lysed with 100 μL of a proprietary internal standard (MW=686) solution in methanol, and the lysate was injected onto an LC-MS/MS system. The total cellular protein content was determined by using a Pierce BCA Protein Assay kit according to the manufacturer's specifications.
Sandwich-Cultured Human Hepatocyte Transport Studies
The sandwich-cultured human hepatocyte (SCHH) methodology was described previously (31) . Briefly, cryopreserved human hepatocytes (Hu4241, Invitrogen, Grand Island, NY; BD310, BD Biosciences, Woburn, MA) were thawed and seeded into 24-well collagen-coated plates using InVitro-HT and InVitro-CP media. The plates were overlaid with 0.25 mg/ml matrigel on the second day, and the cultures were maintained in InVitroGro-HI media. On day 5, to determine the rates of uptake and passive diffusion, the cells were preincubated with or without 100 μM rifamycin SV, and to determine biliary clearance, the cells were preincubated with or without Ca ++ HBSS buffer for 10 min. The reactions were initiated by addition of 0.2, 1, and 2 μM glyburide alone or with rifamycin SV, respectively. The reactions were terminated at 0.5, 1, 2, 5, 10, and 15 min by washing the cells three times with ice-cold HBSS. The cells were lysed with 100% methanol containing internal standard. The samples were analyzed by LC-MS/MS.
Bioanalytical Methods
LC-MS/MS analyses were performed on AB SCIEX Triple Quad mass spectrometer (AB SCIEX, Framingham, MA) equipped with TurboIonSpray interface. The HPLC systems consisted of Shimadzu Prominence LC-AD20 binary pumps with controller and degasser modules (Shimadzu Scientific Instruments, Columbia, MD). All instrumentations were controlled and synchronized by AB SCIEX Analyst software (version 1.4.2 or higher). The mobile phase consisted of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile), and the flow rate was set at 0.5 mL/min.
Samples from metabolism studies were analyzed using an API 4000 LC/MS/MS, CTC Analytics PAL autosampler, and Phenomenex Synergi Polar-RP (4 μm, 2.0×30 mm) column (Phenomenex, Torrance, CA). Samples were eluted using the following gradient-5% solvent B for 1 min, increasing to 90% B for 1 min, held at 90% B for 1 min, reduction to 5% B over 0.2 min, and held at 5% B for 0.8 min (total run time 4 min). Multiple reaction monitoring in positive ion mode was employed for quantification-m/z 492→367 for glyburide and m/z 296→215 for diclofenac. Transporter studies utilized an API 6500 LC/MS/MS, Apricot/Sound Analytics ADDA autosampler, and Phenomenex Kinetex (2.6 μm, 3.0 × 50 mm) column. The following gradient was used to elute samples-5% solvent B for 0.2 min, increasing to 95% B for 0.5 min, held at 95% B for 0.3 min, reduction to 5% B over 0.02 min, and held at 5% solvent B for 0.88 min (total run time 2 min). The m/z mass transitions under negative ion mode conditions for glyburide and internal standard were 492.2→367.2 and 687.2→149.4, respectively.
PBPK Modeling and Simulations
Whole-body PBPK modeling and simulations of clinical pharmacokinetics and DDIs were performed using population-based ADME simulator, Simcyp (version 12.0, SimCYP Ltd, Sheffield, UK). Glyburide model was built using the physicochemical properties, in vitro preclinical data such as human plasma unbound fraction (fu), blood-to-plasma ratio (Rb), metabolic intrinsic clearance values, etc. (Table I ). Glyburide PBPK model building process was similar to that described previously (19, 36) . Full-PBPK model using Rodgers et al. method (34) considering rapid equilibrium between blood and tissues was adopted to obtain the distribution of glyburide into all organs (rapid-equilibrium model) or all organs except liver (permeability-limited model). The volume of distribution (VDss) was overpredicted by the Rodgers et al. method (0.22 L/kg), and therefore, a partitioning scalar of 0.2 was assigned to adjust the VDss (0.08 L/kg) to that observed in humans following intravenous dosing (1, 32) . When permeability-limited hepatic disposition of glyburide was considered, sinusoidal active uptake intrinsic clearance and passive diffusion obtained from the current SCHH studies were incorporated. The permeability-limited model with these initial (transport and metabolism) input parameters resulted in underprediction of hepatic clearance. Therefore, an empirical scaling factor for the hepatic sinusoidal active uptake (SF active =1.9), estimated by 'middleout' model fitting to the intravenous data, was applied, while keeping the rest of the input parameters same as that of the initial model (19, 36, 37) . Advanced dissolution, absorption, and metabolism (ADAM) model was adopted to capture intestinal absorption and predict oral pharmacokinetics of glyburide. P-gp-mediated efflux activity in the intestine was incorporated by using the in vitro CL int,P-gp . Rifampicin model was directly adopted from Simcyp compound library (36, 38) . Rifampicin interaction parameters against CYP3A4, CYP2C8, and OATP1B1 were generated in-house or extracted from literature (36, 38) . Similarly, models for perpetrator drugs clarithromycin, erythromycin, and verapamil were adopted from Simcyp compound library. Along with mechanism-based inhibition of CYP3A4, competitive inhibition of OATP1B1 was assumed in DDI predictions with OATP1B1 Ki of 8.3, 11.4, and 51.6 μM for clarithromycin, erythromycin, and verapamil, respectively (39) . Competitive inhibition of intestinal P-glycoprotein with Ki values of 4.1 and 2.0 μM was also included for clarithromycin and verapamil, respectively. To assess the impact of CYP2C9 genetic variation on glyburide pharmacokinetics, the CYP2C9 activity in *1/*2, *2/*2, *1/*3, *2/*3, and *3/*3 allele carriers was assumed to be 84, 67, 60, 43, and 19%, respectively, of wild-type (*1/*1) carriers (40, 41) .
Each simulation was performed for 50 subjects (5 trials× 10 subjects). The virtual populations of healthy subjects had a body weight of 70 kg, with age ranging from 18 to 65 years, and included both sexes. Dose, dosing interval, and dosing duration of glyburide and perpetrator drugs were identical to that reported in individual clinical studies (1, (5) (6) (7) (8) 13, 15, 23, 42, 43) .
RESULTS
In Vitro Metabolism
To obtain the relative contribution of different CYP isozymes and the metabolic intrinsic clearance, we studied (Fig. 3) and Km of OATP1B1 in the transfect cells studies (Fig. 2) c Estimated by fitting to intravenous pharmacokinetics data (PBPK model). See "MATERIALS AND METHODS" glyburide depletion in the recombinant CYPs and in pooled human liver microsome (HLM) preparations. Based on recombinant CYP studies, the contribution of CYP isozymes to glyburide depletion was in the order of CYP3A4> CYP2C9>CYP2C8, with CYP3A4 accounting for 71% of the total metabolic clearance (Table II) . No significant substrate depletion was noted when incubated with other recombinant CYP isozymes. Metabolic intrinsic clearance determined using pooled HLM was found to be 52.9± 9.0 μL/min/mg protein. Montelukast, sulfaphenazole, and ketoconazole, which are probe inhibitors of CYP2C8, CYP2C9, and CYP3A, respectively, significantly inhibited substrate depletion in HLM incubations. The resulting percentage contribution are in the same rank-order of CYP3A4>CYP2C9>CYP2C8. Overall, in vitro studies suggest that CYP3A4 contributes to at least half of the total metabolic clearance of glyburide, while CYP2C9 and CYP2C8 play a relatively minor role.
In Vitro Intestinal Permeability
Glyburide showed pH-dependent absorptive permeability (P app,A-to-B ) across Caco-2 monolayer (Fig. 1a) . Bidirectional permeability at pH 7.4 medium on both sides showed an efflux ratio of about 4, which was reduced to unity by P-gp inhibitors (Fig. 1b) . P app,A-to-B and passive permeability at pH 7.4 are 8.0±0.8×10 −6 cm/s and 19.0±2.6× 10 −6 cm/s, respectively, yielding intrinsic P-gp transport clearance (CL int,P-gp ) of 6.24 μL/min/cm 2 . Furthermore, significant asymmetric transcellular transport was noted across MDCK-MDR1 and MDCK-BCRP cell monolayers (Fig. 1c) , suggesting glyburide substrate affinity towards intestinal efflux transporters, P-gp and BCRP.
In Vitro Hepatobiliary Transport
Glyburide is taken up by OATP1B1, with uptake by transfected (HEK-OATP1B1) cells reaching a maximum of 3.5-fold compared with uptake by HEK-Mock cells (Fig. 2) .
The uptake of glyburide by the cells transfected with OATP1B3 was found to be similar to that of HEK-Mock cells; however, significant uptake by OATP2B1 was noted but with a maximum fold ratio of only 1.5. Furthermore, OATP1B1 specific uptake was saturable with a Km value of 2.0±0.6 μM and was inhibitable by rifampicin (Fig. 2b) . We carried out similar studies for OATP2B1 specific uptake, but the profile was variable to determine Km due to the small window of active uptake (maximum uptake ratio noted was 1.5, Fig. 2a ) (data not shown). SCHH model was used to assess the involvement of active uptake in the hepatic disposition of glyburide and determine the hepato-biliary transport kinetics (Fig. 3) . Rifamycin SV significantly inhibited the uptake of glyburide into hepatocytes, with an estimated active component of 82±8% of the total uptake. Studies in the presence and absence of rifamycin SV and calcium yielded intrinsic clearance values for sinusoidal active (PS active ) and passive (PS pd ) uptake of 15.8±3.4 and 5.3± 2.8 μL/min/10 6 cells, respectively. No significant canalicular secretion was observed suggesting negligible biliary excretion for glyburide.
PBPK Modeling and Simulations
Whole-body PBPK models, assuming either rapid-equilibrium between liver and blood compartments or permeability-limited hepatic disposition, were evaluated to describe glyburide pharmacokinetics and assess DDIs. While the rapid-equilibrium model adequately described glyburide plasma concentration-time profile after intravenous and oral dose (Fig. 4) , it mispredicted the DDIs with rifampicin ( Fig. 5 ) and other perpetrator drugs (Fig. 6) . On the other hand, permeability-limited model predicted glyburide systemic clearance within twofold (underpredicted). Incorporation of an empirical scaling factor for active hepatic uptake (SF active =1.9), estimated by fitting to the intravenous plasma concentration-time profile accurately described its pharmacokinetics following both intravenous and oral administration (Fig. 4) . However, unlike the rapid-equilibrium model, the magnitude of glyburide-rifampicin interactions with concomitant or staggered dosing are predicted within ±25% error by permeability-limited model (Fig. 5a ). For all the DDI predictions, rifampicin was considered to induce CYP3A4 activity (EC 50 -0.228 μM; E max -49.5), as well as reversibly inhibit OATP1B1 (Ki-0.93 μM), CYP3A4 (Ki-18.5 μM), and CYP2C8 (Ki-30.2 μM) (36, 38) . Similarly, permeabilitylimited model better described no or weak interactions with P-gp, CYP3A4, and OATP1B1 inhibitors, including clarithromycin, erythromycin, and verapamil (Fig. 6) . The current in vitro data and the modeling and simulations collectively suggest that glyburide hepatic disposition is at least partially determined by hepatic uptake, and therefore, permeability-limited model was used for further evaluation. Figure 5b shows the predicted change in the fraction escaping gut-metabolism (Fg'/Fg) and hepatic intrinsic clearance (CL int,h /CL int,h ') of glyburide with the different Fig. 1 . Intestinal permeability characteristics of glyburide. a pHdependent absorptive permeability across Caco-2 cell monolayer. b Bi-directional transport of glyburide across Caco-2 without and with P-gp inhibitors. c Bi-directional transport across the P-gp and BCRP transfected cell monolayers. Permeability values represent mean±SD (n=3) or mean (n=2) rifampicin treatments. Following oral rifampicin treatment, fraction extracted in the gut increased from ∼9% of the dose to ∼33-61%, implying that the major site of glyburide elimination shifts from liver in the control group to gut in oral rifampicin treatment group. Furthermore, increased CYP3A4 activity in liver has a minimal effect on the hepatic clearance of glyburide, compared with the change predicted in the gut. For example, Fg was reduced by ∼57% while CL int,h showed no change, when glyburide was dosed 12.5 h after 5-day rifampicin treatment (Treatment IV, Fig. 5b) .
Interestingly, single intravenous dose of rifampicin did not considerably alter the hepatic exposure of glyburide, despite the systemic exposure increased by 2.25-fold (Fig. 5c) . However, chronic oral rifampicin treatments reduced the liver exposure to <20% of the initial value in all the cases, although the systemic exposure was marginally affected in one case (Treatment II, Fig. 5 ). Sensitivity analysis was performed to assess the influence of transport and metabolic intrinsic clearances on the systemic and hepatic exposure of glyburide after oral dosing (Fig. 7) . Notably, CL int,active showed prominent effect on the systemic exposure but did not affect the hepatic exposure. In contrast, CL int,met only showed relatively lesser effect on the systemic exposure while significantly influencing the hepatic exposure. Intestinal efflux activity and hepatic sinusoidal passive transport showed minimum or no effect on both systemic and hepatic exposure.
Finally, the impact of CYP2C9 genetic variation was assessed using the permeability-limited model. With the in vitro fm CYP2C9 obtained from the current study (0.35), the maximum predicted change in plasma AUC in CYP2C9*3/*3 allele carriers compared with that in CYP2C9*1/*1 carriers was less than 20% (Fig. 8) . Furthermore, sensitivity analysis of fm CYP2C9 showed only ∼75% increase in plasma AUC in variants carrying CYP2C9*3/*3, while assuming CYP2C9 is solely responsible for glyburide metabolism (fm CYP2C9 =1.0).
DISCUSSION
In this study, we showed that hepatic uptake plays a key role in the systemic clearance of glyburide. A battery of in vitro studies indicated that glyburide (1) is a highly permeable drug and show substrate affinity to intestinal apical efflux transporters, (2) appear to be metabolized in the liver by multiple CYPs, with the contribution of isozymes in the order of CYP3A>CYP2C9>CYP2C8 to its biotransformation, (3) is a substrate to hepatic sinusoidal uptake transporters, mainly OATP1B1, and (4) show significant active uptake into human hepatocytes. A mechanistic model, developed considering permeability-limited hepatic disposition and utilizing the obtained in vitro data, described the pharmacokinetics and quantitatively predicted drug interactions of glyburide.
In vitro hepatic uptake of glyburide is ∼4-fold higher than the passive diffusion, which in turn is smaller relative to the metabolic intrinsic clearance, suggesting that the overall hepatic clearance of glyburide is determined predominantly by hepatic uptake (18, 19, 44, 45) . Permeability-limited model using SCHH and microsomal stability data inputs underpredicted the systemic clearance by about 2-fold, and therefore, a scaling factor (SF active =1.9) was applied to recover the plasma concentration-time profiles. The apparent discrepancy in the in vitro-in vivo extrapolation of active uptake clearance could be due to differences in transporter abundance in the in vitro and in vivo systems. Based on the protein quantification by LC-MS/MS, Kimoto et al. showed higher expression of OATP1B1 in the human liver tissue in comparison to 5-day culture of SCHH-with an estimated (37) . While the REF is similar to SF active derived for glyburide, and may provide mechanistic justification for in vitro data translation, our earlier studies showed significant underprediction of hepatic clearance for other OATPs substrate when scaling using REF alone (19, 36, 46) . For instance, scaling factor for active uptake (SF active ) needed to recover hepatic clearance of pravastatin (∼31) (36) and repaglinide (∼17) (19) is much higher than could be explained by REF. The seemingly compound-specific SF active were also noted when considering mechanism-based in vitro-in vivo extrapolation of data from SCHH (46) and suspended hepatocytes systems (47, 48) . At this point, we are unable to explain this disconnect noted for majority of the OATPs substrates, and it warrants further investigation of the potential reasons such as lower functional activity in the in vitro systems (49, 50) . Alternatively, the clearance scaled-up from human microsomal data alone matched up to the in vivo systemic clearance, and further the intravenous and oral pharmacokinetic profiles were reasonably described by the PBPK model assuming rapidequilibrium between blood and liver compartments. Overall, both the assumptions (permeability-limited and rapid-equilibrium) described glyburide disposition within a reasonable error when utilizing plasma concentration-time profiles alone.
Clearly, the AUC ratios (AUCRs) are well predicted (within ±25% error) assuming permeability-limited model, while the rapid-equilibrium model mispredicted the glyburide interactions with rifampicin (Fig. 4b) . Rifampicin is a prototypical inducer of CYP isoforms and also a potent competitive inhibitor of OATPs (20) (21) (22) . A single intravenous dose of rifampicin reduced the hepatic uptake via inhibition of OATP1B1 resulting in >2-fold higher systemic AUC of glyburide. However, this, when combined with CYP induction caused by chronic oral rifampicin treatment, resulted in minimal exposure change. On the other hand, staggered dose of glyburide >12 h after rifampicin treatment isolated the effect of CYP induction on glyburide systemic exposure. Alternatively, over-prediction of the induction effect and lack of any inhibitory effect by the rapid-equilibrium model corroborates that hepatic uptake plays a key role in the clearance of glyburide. Other known pharmacokinetic interactions of glyburide were also well recovered by the permeability-limited model. Based on the model predictions, clarithromycin, erythromycin, and verapamil, which perpetuate moderate-to-high DDIs (AUCR>2) with CYP3A4 clinical probes (51) and inhibit OATP1B1 in vitro, showed no or weak interactions (AUCR<1.5) with glyburide as victim drug (Fig. 6) .
Induction of the metabolic activity in the liver caused by chronic rifampicin treatment only has a minimal impact on the systemic clearance of glyburide (Fig. 5b) . However, the AUCRs can be quantitatively explained primarily due to increased gut metabolism (Fg'/Fg) and/or reduced hepatic uptake (38) . This mechanistic evaluation suggests that the variation in the hepatic metabolic activity caused by drug interactions and/or genetic polymorphism will have a smaller effect on systemic exposure for drugs with permeabilitylimited disposition compared with those achieve rapidequilibrium. Therefore, identifying the role of uptake transporters in hepatic disposition is critical for quantitative DDI Fig. 4 . Glyburide plasma concentration-time profiles. Predicted pharmacokinetics by the rapid-equilibrium model and the permeability-limited model without and with scaling factor for active hepatic uptake, following a intravenous bolus 2.41 mg and b intravenous infusion 2 mg. c Simulated plasma concentration-time profiles following oral dosing of 0.875, 1.75, and 3.5 mg doses. Data points represent mean observed data taken from separate clinical studies (1, 5, 15, 23, 42, 43) predictions. It is generally thought that transporters play a minimal role in the disposition for highly permeable drugs (52, 53) . However, it should be noted that active uptake could contribute significantly to the hepatic clearance irrespective of passive permeability. Our previous and the current assessment with pravastatin (low passive permeability) and repaglinide and glyburide (high passive permeability), clearly indicate that active uptake could be the rate-determining process in the hepatic clearance of both low and high permeability drugs (19, 36) .
Rifampicin is also known to induce intestinal apical efflux pumps, like P-gp, and MRP2 (54, 55) . We incorporated the efflux transporter kinetics (assuming P-gp as the predominant transporter) obtained from the transport studies across Caco-2 monolayer, using the ADAM model. Sensitivity analysis suggested minimal (<10%) change in glyburide systemic exposure even when the efflux activity was induced more than fivefold (Fig. 7b) . Therefore, although glyburide showed high asymmetric transport in our in vitro studies, contribution of the induction of intestinal efflux activity to glyburide-rifampicin interactions is unlikely.
CYP isozyme-specific differences in the quantitative induction by rifampicin have been observed according to the in vitro measurements and clinical studies (21) . Due to the lack of availability of appropriate induction parameters for CYP2C9, the current modeling and simulations assumed only CYP3A induction by rifampicin treatment. Furthermore, it was contemplated that additional considerations to CYP2C9 induction activity only has a minimal effect on the quantitative predictions, because (1) in vitro fraction metabolized by CYP2C9 is smaller than that by CYP3A, (2) the extent to which CYP3A activity is induced by rifampicin treatment is larger relative to the observed increase in the clearance of CYP2C9 substrates (56, 57) , (3) hepatic uptake is the ratedetermining process in the hepatic elimination of glyburide and an increase in metabolic activity is less likely to effect the systemic Fig. 5 . Glyburide-rifampicin interactions predicted by the PBPK model, assuming rapid-equilibrium or permeability-limited hepatic disposition. a Observed verses predicted AUCRs. Error bars represent 95% confidence interval or range. b Predicted change in fraction escaping gut metabolism and change in overall hepatic intrinsic clearance, assuming permeability-limited model. c Predicted change in glyburide unbound liver exposure following different rifampicin treatments, considering permeability-limited model. For model simulations, dosage regimen of glyburide and rifampicin is similar to the original reported study design. Key: I-Glyburide oral dose with single intravenous infusion of rifampicin; II-Glyburide oral dose with single intravenous infusion 24 h after 6-day oral rifampicin treatment; III-Glyburide oral dose 48 h after rifampicin treatment; IV-Glyburide oral dose 12.5 h after 5-day oral rifampicin treatment (13, 23) clearance, and (4) finally, increase in the gut metabolism is the major driver for observed decrease in glyburide exposure (Fig. 5b) , and CYP2C9 contribution to intestinal extraction is believed to be relatively low (58) .
An apparent in vitro-in vivo disconnect in the percent contribution of CYP isozymes to the metabolism of glyburide was noted. Consistent with several recent reports (9-11), our in vitro HLM chemical inhibition studies suggested that the contribution of CYP3A to hepatic metabolism of glyburide is >50%, while CYP2C9 accounts to 35% and CYP2C8 playing a minor role (Table II) . The predominant contribution of CYP3A4 was further supplemented by recombinant CYPs findings. The involvement of several enzymes in the metabolism of glyburide should minimize the effect of a probe drug that inhibits one isozyme. Clinical observations imply these findings, wherein neither CYP3A4 inhibitors nor CYP2C9 inhibitors such as clarithromycin and fluvastatin showed any major impact on glyburide pharmacokinetics (14, 15) . However, in vivo clearance of glyburide is evidently affected by CYP2C9 polymorphism, arguably suggesting that CYP2C9 is the primary metabolizing isozyme. Based on the in vitro fm CYP2C9 , our mechanistic modeling showed that about 80% loss in CYP2C9 activity-typically observed in CYP2C9*3/*3 allele carriers (40,41)-may increase glyburide AUC by only <20%, which is substantially lower than that observed in the subjects carrying CYP2C9*3 allele (Fig. 8) . Moreover, sensitivity analysis assuming fm CYP2C9 as high as unity Fig. 6 . Glyburide interactions with perpetrator drugs predicted by PBPK model, assuming rapid-equilibrium or permeability-limited hepatic disposition. For model simulations, dosage regimen of glyburide and perpetrator drugs is similar to the original reported study design (15) (16) (17) . In vitro interaction potential associated with mechanism-based inhibition of CYP3A4 and competitive inhibition of OATP1B1 were considered for all the three drugs Fig. 7 . Effects of changes in transporter and metabolic activity on the systemic and hepatic exposures of glyburide. Permeability-limited model based prediction of the fold change from baseline in the plasma AUC (solid line) and hepatic AUC (dash line) of oral glyburide as a function of hepatic active uptake, intestinal efflux, hepatic metabolic clearance, and hepatic sinusoidal passive diffusion did not recover the clinically reported changes in plasma AUC or clearance in CYP2C9*3 allele carriers. At this time, we cannot explain the distinct underprediction of the impact of CYP2C9 genetic variation on glyburide pharmacokinetics, although the permeability-limited model developed based on comprehensive in vitro transporter and metabolism inputs quantitatively predicted DDIs of glyburide.
Interestingly, significant functional effect of CYP2C9*3 was also observed for other OATP transporter substrates, including fluvastatin, irbesartan, glimepiride, and nateglinide (59) (60) (61) (62) (63) . Similar in vitro-in vivo disconnect in the role of CYP2C9 to the metabolism was also noted for fluvastatin. In the in vitro studies, only the probe inhibitor of CYP3A (ketoconazole) markedly inhibited formation of fluvastatin major metabolite (M3) (64) . In vivo, CYP3A inhibitor, itraconazole, has no significant effect on fluvastatin pharmacokinetics in healthy volunteers, and fluconazole, a moderate inhibitor of both CYP3A and CYP2C9, increased the mean AUC by only 84% (65, 66) . However, ∼3-fold reduction in oral clearance of fluvastatin was noted in CYP2C9*3 allele carriers (60) . Similar to glyburide, hepatic uptake may play a key role in determining the systemic clearance of fluvastatin (46, 67) , and thus, its observed magnitude of clearance change in the carriers of CYP2C9*3 allele cannot be completely explained by genetic variation in CYP2C9.
Additionally, pharmacokinetic variability may be associated with reduced hepatic uptake activity. OATP1B1 is a polymorphic transporter and subjects carrying polymorphic variants of OATP1B1, such as OATP1B1*5 and OATP1B1*15 show increased systemic exposure of several OATP1B1 substrates as a consequence of reduced transport activity compared with the reference type (OATP1B1*1a) (68) . Based on the current model predictions, a reduction in active uptake clearance by about 60% could result in ∼2-fold higher exposure of glyburide (Fig. 7) . Ieiri et al. assessed the relationship between glyburide pharmacokinetics and OATP1B1 genetic polymorphism and found no statistical significance (with a mean AUC change of ∼22%) among OATP1B1*1a/*1a and OATP1B1*1a/*15 carriers (8) . In the same study, CYP2C9*1/*3 carriers showed ∼26% higher AUC compared with reference carriers (CYP2C9*1/*1), with statistically significant phenotypic association. The lack of influence of OATP1B1 polymorphism on glyburide pharmacokinetics is probably a result of the small number of subjects and absence of homozygotes for OATP*15/ *15 allele. Alternatively, we speculate that co-existence of low activity variants of CYP2C9 and OATP1B1 may confound the observed reduction in clearance of glyburide in CYP2C9*3 carriers. Other explanation to this disconnect is the possible larger role of CYP2C9 in the intestinal extraction than predicted by the mechanistic ADAM model. Further studies are warranted in this direction to understand the pharmacogenetic factors associated with pharmacokinetic variability and potentially the pharmacodynamic effects of glyburide.
CONCLUSIONS
In conclusion, a mechanistic model for quantitative prediction of glyburide DDIs was developed using comprehensive in vitro transport and metabolic kinetics data. Permeability-limited model successfully predicted DDIs of glyburide. Conversely, model assuming rapid-equilibrium mispredicted glyburide-rifampicin interactions, suggesting that hepatic uptake is a key determinant of glyburide systemic clearance. Finally, for OATP1B1 substrates like glyburide, where hepatic clearance is determined by the uptake as well as metabolism, mechanistic considerations assuming permeability-limited disposition are needed to quantitatively predict or evaluate pharmacokinetic variability due to drug interactions and other variables like genetic polymorphisms and disease state. 
